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ABSTRACT

The biological basis for the therapeutic mechanisms of depression is still
unknown. We have previously performed expressed-sequence tag (EST)
analysis to identify some molecular machinery responsible for antidepressant
effect. Then, we developed our criginal cDNA microarray, on which cDNA
fragments identified as antidepressant-related genes/ESTs were spotted. In
this study, with this microarray followed by Western blot analysis, we have
demonstrated the induction of vesicle-associated membrane protein 2
(VAMP2/synaptobrevin-2) in rat frontal cortex not only after chronic
antidepressant treatment, but also after repeated electroconvulsive treat-
ment. On the other hand, expression of SNAP-25 and syntaxin-1 was not
changed by these treatments. These components make a soluble N-
ethylmaleimide-sensitive fusion protein attachment protein receptor com-
plex with VAMP2 and mediate the synaptic vesicle docking/fusion
machinery. In conclusion, it is suggested that VAMP2/synaptobrevin-2 plays
important roles in the antidepressant effects. Our results may contribute to a
novel model for the therapeutic mechanism of depression and new
molecular targets for the development of therapeutic agents.
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INTRODUCTION

Depression is one of the major psychiatric diseases that is estimated to affect
12-17% of the population during the lifetime of an individual.! It has been
demonstrated that typical antidepressants acutely inhibit the monoamine
reuptake in nerve terminals resulting in significant increase in synaptic
concentrations of monoamines, noradrenaline or serotonin. However, there is
a latency period of several weeks before the onset of clinical effect of
antidepressants. Repeated electroconvulsive treatment (ECT) is another therapy
that is widely used, particularly in the treatment of drug-resistant depression. It is
an efficient treatment modality, although the basis for its therapeutic mechanism
is still unknown. The delay of clinical effect from the beginning of antidepres-
sants and ECT could be the result of indirect regulation of neural signal
transduction systems or changes at the molecular level by an action on gene
transcription. Indeed, there are selective effects of antidepressants on specific
immediate early genes and transcription factors including c-fos,®® zif268,2
NGFI-A*® and the phosphorylation of CRE-binding protein.® It is also reported
that ECT affects the expression of c-fos, junB and Narp.”® These molecules
activate or repress genes encoding specific proteins by binding to a regulating
element of DNA. These functional proteins may be involved in critical steps in
mediating treatment-induced neural plasticity.
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We have recently performed expressed-sequence tag (EST)
analysis to identify some common biological changes
induced after chronic treatment of two different classes of
antidepressants, imipramine (a tricyclic antidepressant) and
sertraline {a serotonin-selective reuptake inhibitor (SSRI}).
Identification of quantitative changes in gene expression
that occur in the brain after chronic antidepressant treat-
ment can yield novel molecular markers that would be
useful in the diagnosis and treatment of depression. Until
now, we have molecularly cloned cDNA fragments as ESTs,
which were named after antidepressant-related gene-
S(ADRG).? More recently, for high-throughput secondary
screening of candidate genes, ADRG cDNAs were spotted on
glass slides, and we developed our original cDNA microarray
(ADRG microarray).!®!! An important task for the future
will be to ascertain which of these changes in gene
expression are directly relevant to the therapeutic effects
of antidepressants. In this study, we used ADRG microarray
to search for some genes commonly induced after chronic
antidepressant treatment and repeated ECT.

Here, we first reported that the expression of ADRG14, a
vesicle-associated membrane protein 2 (VAMP2/synaptobre-
vin-2), is commonly increased in rat frontal cortex after
chronic antidepressant treatment and repeated ECT. VAMP2
is a key component of the synaptic vesicle docking/fusion
machinery that forms the soluble N-ethylmaleimide-sensi-
tive fusion protein attachment protein receptor (SNARE)
complex,!%1

RESULTS

Identification of ADRG14 as VAMP2

In the present study, we used an ADRG microarray for high-
throughput, secondary screening to identify genes com-
monly affected by antidepressant and ECT. Figure 1 shows
the pseudo-color image of the ADRG microarray after
hybridization with samples obtained from sertraline- (a) or
ECT-treated (b) rat frontal cortex. As expected, we obtained
low background and consistent results in duplicated experi-
ments. After normalization of the signals for both negative
and positive controls, several spots of interest on the ADRG
microarray showed increased or decreased fluorescence
intensities after chronic sertraline treatment or repeated
ECT. Interestingly, the fluorescence intensities of the spots
for ADRG14 were increased 2.3 times in the sertraline group
and 2.1 times in the ECT group, when compared to controls.
These data were reproducible and interassay variation was
negligible, when the differences of fluorescence intensities
(+ 2-fold) were regarded as significant.

The size of ADRG14 fragment cbtained from initial EST
analysis was 224 bp. Sequence and homology analysis of
ADRG14 with the EMBL/GeneBank database showed perfect
matches to rat VAMP2 gene (NM01266316),

The induction of VAMP2 after chronic antidepressant
treatment with two different classes of antidepressants,
imipramine or sertraline, was also confirmed by RT-PCR
analysis. The reproducible band corresponding to VAMP2
(784 bp) existed on a gel. As shown in Figure 2, we have
demonstrated that the treatment with either imipramine or
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Figure 1 Image analysis of ADRG microarray after hybridization
with fluorescence probes. Ninety-six spots representing ADRG1-96
are shown here. The pseudo-color image of control group data
{green) and chronic sertraline treatment group (red) were over-
lapped (a). As expected, we obtained low background and
consistent results in duplicated experiments. In addition, the
pseudo-color image of contro! group data (green) and repeated
ECT group (red) were also overlapped (b). The spot with blue
rectangle represents ADRG14 (VAMP2/synaptobrevin-2). Interest-
ingly, the fluorescence intensities of the spots were increased 2.3
times in the sertraline group and 2.1 times in the ECT group, when
compared to controls.

a control imipramine sertraline
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Figure 2 Induction of VAMP2 mRNA after chronic antidepressant
treatment (a) and repeated ECT (b) revealed by RT-PCR. Total RNA
was extracted from rat frontal cortex treated either with vehicle
{control, lanes al-3), 10mg/kg of imipramine (lanes a4-6) or
10 mg/kg of sertraline (lanes a7-9) for 21 days, and used for RT-PCR
analysis. Total RNA samples extracted from rat frontal cortex
treated either with sham operation (control, lanes al-3)} or
repeated ECT (lanes a4-6) were also used for RT-PCR analysis. The
reproducible single band corresponding to VAMP2 at the size of
784 bp existed on a gel. This figure represents a typical result of
three independent experiments. Treatment with imipramine or
sertraline increased the expression of VAMP2 in rat frontal cortex
when compared to control samples (a). In addition, repeated ECT
also increased the expression of VAMP2 in rat frontal cortex when
compared to control samples {b).

sertraline significantly induced the expression of VAMP2
mRNA levels (134.8+11.0% or 141.6+7.8%, P<0.05,
ANOVA followed by the Dunnett’s test, respectively} after
normalization by GAPDH expression. The expression of
VAMP2 was also significantly increased in repeated ECT-
treated rat frontal cortex (159.24+10.4%, P<0.05, ANOVA
followed by the Dunnett’s test).
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Western Blot Analysis using Anti-VAMP2 Antibody
Genes are transcribed to various mRNAs and then translated
into proteins that may be post-translationally modified and
subsequently function as the ultimate effecting molecules in
the cell. To determine whether the increase of VAMP2
mRNA levels was associated with a change of protein
content, we analyzed VAMP2 immunoreactivity in rat
frontal cortex with Western blot analysis. As shown in
Figure 3, the existence of a single band of approximately
18kDa was confirmed. Treatment with imipramine or
sertraline induced a significant increase in VAMP2 immu-
noreactivity {418.0+22.3% or 387.2+17.5%, 1espectively)
when compared to control samples (Table 1). Interestingly,
VAMP2 immunoreactivity was also significantly increased
after repeated ECT (175.6+10.1%, Figure 3, Table 1). These
observations indicate that changes of VAMP2 gene expres-
sion may contribute to the therapeutic efficacy of chronic
antidepressant treatment or repeated ECT. On the other
hand, a single administration of antidepressant or acute ECT
did not affect VAMPZ immunoreactivity when compared to
control samples (Figure 3).

We then investigated the expression of two other proteins
of regulated secretory pathways, syntaxin-1 and SNAP-25,
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Figure 3 Western blot analysis of VAMP2 after chronic antide-
pressant treatment (a), a single antidepressant treatment (b} or
ECT (c). Protein sample was prepared from rat frontal cortex
treated either with vehicle (control, lanes 1-2), 10 mg/kg of
imipramine (lanes 3-4) or sertraline (lanes 5-6) and used for
Western blot analysis as described in Materials and methods. In
addition, protein sample was also prepared from rat frontal cortex
treated either with sham operation (control, lanes 1-2), acute ECT
(lanes 3—4) or repeated ECT (Yanes 5-6). This figure represents a
typical result of three independent experiments.
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because they make a SNARE complex with VAMPZ. Con-
comitantly, immunoreactivity for syntaxin and SNAP-25
was unaffected by chronic antidepressant treatment or
repeated ECT (Figures 4 and 5). In addition, a single
administration of antidepressant or acute ECT did not affect
syntaxin and synaptosome-associated protein of 25kDa
(SNAP-25) immunoreactivity when compared to control
samples (Figures 4 and 3).

Table 1 Induction of VAMP2 immunoreactivity after
chronic antidepressant treatment with two different
classes of antidepressants, imipramine or sertraline, and
repeated ETC

Treatment VAMP2 expression
Control 100.0+7.1
Imipramine 418.0+22.3*
Sertraline 387.2+17.5*
Control 100.0+4.1
Repeated ECT 175.6+10.1*

Data are expressed as % of the control data (mean + SEM} of three independent
experiments,
*P< (.05, ANOVA followed by the Dunnett's test,
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Figure 4 Western blot analysis of SNAP25 after chronic antide-
pressant treatment (a), a single antidepressant treatment (b} or
ECT (c). Protein sample was prepared from rat frontal cortex
treated either with vehicle (control, lanes 1-2), 10mg/kg of
imipramine (lanes 3-4) or sertraline (lanes 5-6) and used for
Western blot analysis as described in Materials and methods. In
addition, protein sample was also prepared from rat frontal cortex
treated either with sham operation (control, lanes 1-2), acute ECT
(lanes 3-4) or repeated ECT (lanes 5-6). This figure represents a
typical result of three independent experiments.
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Figure 5 Western blot analysis of syntaxin after chronic antide-
pressant treatment (a), a single antidepressant treatment (b) or
ECT (). Protein sample was prepared from rat frontal cortex
treated either with vehicle (control, lanes 1-2), 10 mg/kg of
Imipramine (fanes 3-4) or sertraline (lanes 5-6) and used for
Western blot analysis as described in Materials and methods. In
addition, protein sample was also prepared from rat frontal cortex
treated either with sham operation {control, lanes 1-2), acute ECT
(lanes 3-4) or repeated ECT (lanes 5-6). This figure represents a
typical result of three independent experiments.

DISCUSSION
In the present study, we focused on an EST, ADRG14, whose
expression was increased after chronic antidepressant treat-
ment and repeated ECT. Sequence and homology analysis of
ADRG14 using the EMBL/GeneBank database showed
significant matches to rat VAMP2.'® Considerable evidence
indicates that VAMP2Z is an important component of the
regulated secretory pathway at nerve terminals. It has been
reported that VAMP2 interacts with syntaxin-1 and SNAP-25,
constituting the SNARE complex, the biochemical inter-
mediate essential for vesicular transport and/or fusion
processes.’*!> Fusion of vesicles with the plasma membrane
leads to exocytosis, which mediates the release of neuro-
transmitter into the synaptic cleft. In this context, pharma-
cological modulation of VAMP2 gene expression would also
be predicted to alter the secretory response of neurens. In
the present study, we demonstrated a significant increase of
both VAMPZ2 mRNA and protein levels in rat frontal cortex
after chronic treatment with two different classes of
antidepressants, imipramine and sertraline. Our data suggest
that VAMP2 may be one of the common functional
molecules induced after chronic antidepressant treatment.
This altered pattern of VAMPZ gene expression was also
observed after repeated ECT.

On the other hand, single administration of antidepres-
sant or acute ECT did not induce VAMP2 expression,
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suggesting that the induction of VAMP2 is due to the
long-term therapeutic action of these treatments. These
findings suggest that genome-dependent alterations of the
secretory behavior of neurons may be an important
component of the therapeutic action of antidepressants
and ECT. Interestingly, the work of others has shown that
acute and chronic administration of antidepressants
diminishes the release of glutamate and aspartate, and
inhibits veratridine-evoked 5-HT release.’”

An important feature of the action of antidepressants and
ECT is that they did not globally alter the expression of
other membrane-trafficking proteins. In contrast to the
enhanced expression of VAMP2, we detected no significant
change in the expression of other synaptic vesicle proteins,
syntaxin-1 and SNAP-25. Althcugh there are more than a
dozen synaptic vesicle proteins,'® we chose to investigate
the expression of syntaxin-1 and SNAP-25 because they
make a SNARE complex with VAMP2 and mediate the
synaptic vesicle docking/fusion machinery. We reasoned
that a coordinated change of VAMP2 and the expression of
syntaxin-1 and SNAP-25 might signal a change in the overall
number of SNARE complexes. An antidepressant-induced
change in the expression of syntaxin-1 and SNAP-25,
associated predominantly with the presynaptic plasma
membrane, would have been indicative of more complex
changes in the secretory pathway, such as an increase in the
number of active zones. Instead, the absence of such a
coordinated change in syntaxin-1 and SNAP-25 expression
indicates that antidepressants or ECT produces a more
selective modification of the regulated secretory machinery.
Additional work will be necessary to understand the role of
selective VAMP2 induction in rat frontal cortex.

Previously, we have demonstrated that a unique cysteine-
rich protein, cysteine string protein (CSP), is clearly
increased in the rat brain after chronic antidepressant
treatment.!’ There are several reports indicating that the
function of CSP in the central nervous system is to modulate
the activity of presynaptic calcium channels, resulting in
neurotransmitter release at the nerve terminal.’®?® Similar
to VAMP2, CSP is also localized to synaptic vesicle
membranes and interacts with VAMP2 in rat brain.2l22
Taken together, this coordinated induction of two presy-
naptic molecules may suggest that the number of sectetory
organelles, which includes both small clear vesicles as well
as large dense-core granules, might be increased after
chronic antidepressant treatment and repeated ECT. Inter-
estingly, it is previously reported that the expression of
VAMP2 and CSP was also enhanced by lithium ions, a well-
established pharmacotherapy for the treatment of recurrent
manic-depressive illness, in differentiated PC12 cells.22*
The coordinated induction of these genes may contribute to
the therapeutic efficacy in mood disorders not only for
depression, but also for manic-depressive illness.

Our findings suggest that gene-expression dependent
alterations of the secretory behavior of neurons may be an
important component of the pharmacological action of
antidepressants and ECT. Thus, it will be of interest to
determine whether these changes in the frontal cortex
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contribute to clinical effects in patients treated with
antidepressants and ECT. Indeed, the frontal cortex is one
of the several brain regions that would be involved in the
endocrine, emotional, cognitive, and vegetative abnormal-
ities found in depressed patients. In the frontal cortex,
glucose metabolism, blood flow, and electroencephalograph
activity are altered in depressed patients.?” It is reasonable to
understand that alterations of mood, neurovegetative signs,
or even social behavior of depressed patients reflect some
changes in patterns of synaptic activity in the brain.
Additional work would be necessary to test this hypothesis.

In conclusion, the current investigation has identified
VAMP2 as a novel molecular target for antidepressants and
ECT. Qur findings offer novel insights into the actions of
antidepressants and ECT that may be of both basic and
clinical significance. Furthermore, the ADRG microarray we
developed seemed to be a powerful tool for the discovery of
novel therapeutic targets for future drug development with a
new class of action in the brain.

MATERIALS AND METHODS

Experimental animals

Male Sprague-Dawley rats (age 7-10 weeks, Sankyo Labo
Service Co. , Tekyo, Japan) were housed in a temperature-
controlled environment with a 12 h light/12 h dark cycle
and free access to food and water. Rats were randomly
separated into control and treated groups. Six rats were used
for each treatment group. Experimental animals for chronic
treatment of antidepressants received either vehicle for 21
days, 10 mg/kg of imipramine (Sigma Chemical, MO, USA),
or sertraline (Pfizer Pharmaceuticals Inc,, NY, USA), dis-
solved in 1,5% Tween 80, by daily intraperitoneal injection.
Rats for ECT were anesthetized with sevoflurane and
received a 90 mA, 1.0 sec electric shock via ear-clip electro-
des once (acute ECT group), or every other day for 14 days
{repeated ECT group). ECT employed the Ugo Basile Model
7801 Unipolar square-wave electroconvulsive stimulation
pulse generator (Stoelting Co., 1L, USA). The control group
was treated exactly the same as ECT-treated rats, but without
the administration of the electric current. Animals were
killed by decapitation 24 h after the final antidepressant
administration or ECT treatment, and the brain was quickly
removed, dissected and then frozen in liquid nitrogen
immediately and stored at —-80°C until use. All studies using
animals were carried out in accordance with animal
protocols approved by the National Institutes of Health,
OPRR Public Health Service Policy on Humane Care and Use
of Laboratory Animals.

Identification of ADRG14

Fabrication of the ADRG microarray and fluorescence image
analysis was done as described by our group previously.!?
Briefly, each of the cDNA inserts for ADRG were amplified by
vector primers and negative controls, and 10 different kinds
of housekeeping genes were spotted in duplicate on glass
slides using a GMS417 Arrayer (Affymetrix, Inc., CA, USA).
To make the fluorescence-labeled probe for hybridization,
poly A* RNA was purified from total RNA that was pooled
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with three independent control or treated groups. One
microgram of poly A* RNA from control or treated samples
was converted to cDNA in the presence of Cy-5- or Cy-3-
dUTP, respectively, to make fluorescence-labeled probes.
Hybridization of probes to the microarray was done
competitively in duplicate. The probes were mixed and
placed on an array, overlaid with a coverslip, and hybridized
for 16.5h at 65°C. After the hybridization and washing
procedure, each slide was scanned with a GMS418 Array
Scanner (Affymetrix, Inc, CA, USA). Gene expression
levels were quantified and analyzed using ImaGene
software (Bio-Discovery Ltd. Swansea, UK). With our
preliminary experiment (data not shown), the differences
of fluorescence intensities (+2-fold) were regarded as
significant.

Sequence analysis of ADRGI14 was performed by
dideoxy sequencing 'methods. Homology search and
sequence alignment was done using the FASTA search

servers at the National Center for Biotechnology
Information,

Messenger RNA Expression Analysis with RT-PCR

The first strand of c¢DNA was synthesized with

reverse transcriptase and 1pM of olige-dT primer from
2 pg of total RNA samples treated with RNase-free DNase I
and diluted to a final volume of 100 pL. One microliter of
each ¢DNA sample was added to 24 pl of PCR reaction
mixture containing 0.5 uM of a pair of primers for VAMP2
(5-AGTCTAGTTTGCTTCCCTTACC-3' and 5-CAGTTTA-
CATCTCCTTGGTTCC-3') (Amersham Pharmacia Biotech,
Tokyo, Japan). A pair of primers for a housekeeping gene,
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH, 5§'-
TGAAGGTCGGTGTCAACGGATITGGC-3' and 5-CATG-
TAGGCCATGAGGTCCACCAC-3'} was also wused for
normalization. To ensure the fidelity of this analysis,
we assayed several cycles of PCR to determine the
linear range for the amplification of the PCR product.
Amplification of VAMP2 was performed as follows: 3 min
at 94°C for initial denaturation, 22 cycles of 94°C
denaturing for 30s, 51°C annealing for 30s, and
72°C extension for 1min, followed by a final extension
at 72°C for 7 min. Amplification of GAPDH was performed
as follows: 3 min at 94°C for initial denaturation, 18 cycles
of 94°C denaturing for 30s, 51°C annealing for 30s, and
72°C extension for 1 min, followed by a final extension at
72°C for 7 min. The PCR products were electrophoresed in a
19 agarose gel containing SYBR green, a nucleic acid gel
stain reagent (Takara, Tokyo, Japan). The optical density of
the digitized image was quantified using a fluorescence
image analyzer, FM-bio II (Hitachi, Tokyo, Japan). Without
reverse transcriptase, we found no PCR products in a
gel, indicating that genomic DNA contamination was
negligible.

Western Blot Analysis

Frontal cortex from control and treated rats was homo-
genized in ice-cold Sucrose-Tris buffer (250 mM sucrose,
50 mM Tris-HCI, 5 mM EDTA, 10 mM EGTA, 0.3%. mercap-
toethanol, pH 7.4). The protein concentration was deter-
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mined by the Bradford method using the Bio-Rad protein
assay kit. Each fraction (20 pg of protein) was separated by
10% SDS-PAGE after solubilization and boiling in Laemmli
buffer. Electrophoretic protein was transferred from gels to
nitrocellulose membranes using standard techniques. The
membranes were blocked and incubated with antibody
using Aurora Western Blotting kit (ICN Biomedicals Inc.,
CA, USA) following the manufacturer’s instructions. The
primary antibodies for VAMP2, SNAP-25 or syntaxin-1
(Wako, Osaka, Japan) were diluted 1:500, 1:1000, or 1:500,
respectively, in blocking buffer followed by appropriate
secondary antibodies. The immunoreactive bands were
visualized on film by the ECL system. To ensure the fidelity
of this analysis, we assayed the film exposed only in the
linear range. The optical density of the digitized image was
quantified using NIH image, software running on an Apple
Computer. NIH Image is a public domain program (devel-
oped at the US National Institutes of Health) and available
on the Internet at http://rsb.info.nih.gov/nih-image/).

Statistical analysis

Data are given as mean+5EM for the group. Differences
were assessed using Analysis of Variance (ANOVA) followed
by the Dunnett’s test. A value of P<0.05 was regarded as
significant.
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Objective: The authors' goal was to identify differences in re-
gional brain activity between physiotogical and benzodiaz-
epine-induced sleep to clarify the brain structures involved in
the drug’s hypnotic effect,

Method: Using positron emission tomography, they compared
regional cerebral bloed flow during non-REM sleep in nine vol-
unteers sreated with placebo or triazolam, a short-acting benzo-
diazepine, in a double-blind, crossover design.

Results: Blood flow in the basal forebrain and amygdaloid
complexes was lower during non-REM sleep when subjects were
given triazolam than when they were given placebo.

Conclusions: The hypnotic effect of the benzodiazepines may
be mediated mainly by deactivation of the forebrain control
system for wakefulness and also by the anxiclytic effect induced
by deactivation of the emotional center.

{Am ] Psychiatry 2004; 161:748-751)

Benzodiazepine hypnotics, which have been used
widely since the early 1960s, are known to act by agonistic
modulation of y-aminobutyric acid A {GABA) receptor
subtypes. However, the pharmacological actions medi-
ated by the GABA4 receptor subtypes are still a matter of
dispute (1). Therefore, many questions regarding the spe-
cific drug actions of the benzodiazepine hypnotics remain
to be answered, including the question of which neuroan-
atornical sites are affected by these drugs.

Positron emission tomography (PET) has been used ef-
fectively to visualize the functional neuroanatomy of hu-
man sleep, and oxygen-15 water (['*0]H,0) PET, which is
well suited to the investigation of sleep states of relatively
short duration, has revealed changes in regional cerebral
blood flow (tCBF} associated with human non-REM and
REM sleep (2). The effects on human sleep of hypnotics
acting on the GABA, receptor, including the newly devel-
oped nonbenzodiazepines, have also been explored by us-
ing PET {3). Unfortunately, previous studies failed to de-
tect specific neuroanatomical sites for the actions of these
hypnotics during sleep, possibly because of methodologi-
cal problems. Therefore, we conducted a double-blind,
crossover study of [150)H,0 PET with statistical paramet-
ric mapping to compare rCBF during human non-REM
sleep after administration of triazolam or placebo.

748 http/ajp.psychiatryonline.org

Method

Fifteen healthy, right-handed, male university students (mean
age=21.3 years, $D=1.0, range=20-23} served as study subjects. All
gave written informed consent before participating in the study,
which was approved by the Intramural Research Board of the Na-
tiona! Center of Neurology and Psychiatry.

A maximum of eight intravenous injections of [*S0)H;0 were
given to each subject during periods of wakefulness and light and
deep non-REM sleep under continuous polygraphic monitoring
on each experimental night of triazolam or placebo administra-
tion. The experiments were separated by a 1-week interval and
did not include sleep deprivation. On the night of the experiment,
electrodes were attached for polygraphy, and each subject lay
face up on a scanner couch, with the head stabilized by an indi-
vidualty molded thermoplastic face mask secured to a plastic
headholder. The headholder was fixed on the end of the scanner
couch so that the head was protruding fully into the scanner field
of view; the head was angled so that each subject's canthomeatal
line was parallel to axial planes of the PET scanner,

After two PET scans for wakefulness were obtained in the eye-
closed condition, the subject took a capsule containing either
0.253 mg triazolam or placebo at 10:00 p.m. The lights were turned
out at 10:30 p.r., and three scans for light non-REM sleep (stage
2 sleep} and three for deep non-REM sleep (stages 3 and 4 sleep,
slow wave sleep) were performed between 11:00 p.m. and 2:00
a.m., when the polygrams showed typical patterns for these sleep
stages.

EEGs were recorded from disc electrodes placed at F3, F4, C3,
C4, Fz, and Cz; Al plus A2 were used for reference. Monopolar
electro-oculograms were recorded from both canthi, and bipolar
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electromyograms were recorded from the chin. Details of the
polygraphic methodology are the same as in our previous study
{4). Sleep stage scoring was carried out according to the standard-
ized sleep manual of Rechtschaffen and Kales (5). Final evalua-
tion of sleep stage scoring for each 90-second period during PET
scanning was confirmed later by using C3 recording.

PET data were acquired with the use of a Siemens ECAT EXACT

HR 961 scanner in the three-dimensional mode. The camera,
having an axial field of view of 150 mm, acquired data simulta-
neously from 47 consecutive axial planes, which cover the whole
brain, inctuding the cerebrum, cerebellum, and brainstem. A spa-
tial resolution of 3.8x3.8x4.7 mm of full width at half maximum
was obtained after back-projection and filtering. The recon-
structed image was displayed on a 128x128x47-voxel matrix
{voxel size=1.732x1.732x3.125 mm). Transmission scanning was
carried out before acquisition of the emission data by using are-
tractable, rotating %8Ga/%8Ge source with three rods.
* For each PET scan, an intravenous bolus of 7-mCi P'50]H;0
was automatically flushed over 15 seconds. Scanning was begun
manually 1 second after the initial rise in head counts and was
continued for 90 seconds. Arterial blood was sampled automati-
cally throughout the scanning period with a flow-through radio-
activity detector. Absolute CBF was quantified by using the auto-
radiographic technique (6, 7). Details of the PET data analysis are
the same as in our previous study (8).

After the appropriate design matrix was specified, estimates of
the subject and condition were determined according to a general
linear model at each and every voxel. Parameter estimates were
compared by using linear contrasts. The contrast of interest in
this article was the main effect of the drug during non-REM sleep.
These analyses generated statistical parametric maps that were
subsequently transformed to the unit normal distribution. The
exact level of significance of volumes of difference between con-
ditions was characterized by peak amplitude. Clusters of voxels
that had a peak z score greater than 3.09 (threshold p<0.001) were
considered to show significant difference. A corrected p value of
0.05 was used as a statistical cluster threshold.

Results

We analyzed the PET data of nine of the 15 subjects, who
provided us with complete sets of data during periods of
wakefulness and light and deep non-REM sleep on the
nights of triazolam and placebo administration. One-way
analysis of variance showed no significant difference in
the absolute values for global CBF during light or deep
non-REM sleep between the placebo and triazolam condi-
tions. Mean absolute global CBF during light non-REM
sleep with placebo was 30.4 ml/100 g per minute (SD=5.1),
and that with triazolam was 28.8 ml/100 g per minute
(SD=4.6) (F=0.51, p=0.49). Mean absolute global CBF dur-
ing deep non-REM sleep with placebo was 30.6 ml/100 g
per minute (SD=3.2), and that with triazolam was 29.4 ml/
100 g per minute (SD=3.1) (F=0.64, p=0.44).

When there are no differences in the absolute values for
global CBE, comparison of normalized values for regional
CBF is often more sensitive for detection of differences
than comparison of absolute values and reflects real
changes in rCBF (2, 8}. Therefore, normalized rCBF values
obtained for non-REM sleep with placebo were compared
with those obtained with triazolam by analysis of covari-
ance for the nine subjects who provided complete sets of
data.
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TABLE 1. Brain Regions Showing Significantly Lower
Blood Flow in Nine Normal Volunteers During Non-REM
sleep After Triazolam Administration Than After Placebo
Administration

Coordinates?

Brodmann's __‘toordinaes -,

Region Area x y . Score
Amygdaloid complex

Left -32 0 -18 468

Right 28 -4 =22 147
Caudal orbital basal

forebrain

Left -18 20 -14 440

Right 22 W 18 &emn
Basal forebrain

Left ) -14 o -10 4.08

Right 1 0 4 586
Anterior cingulate gyrus

Left* 24 -6 —4 36 3.68

Right 32 4 40 6 372
Posterior cingulate gyrus

Left 23 -4 16 28 333

Right 23 4 -26 26 365
Left insula 13 -0 -10 -4 329
Left prefrontal cortex

superior fromal gyrus 10 20 60 -8 462
Left precentral gyrus 14 44 18 8 439
Left superior temporal

gyrus 38 =50 20 -14 492

22 —48 -14 8 4.02

Left superior parietal
BYTUS 7 -36 -66 48 2175

3 Coordinates are defined in the stereotactic space of Tafairach and
Tournoux (9), relative o the anterior cormmissure: x is the lateral
distance from the midline (positive=right), y is the anteroposterior
distance from the anterior commissure (posilive=anterior), and z is
the rostrocaudal distance from the bicommissural plane (positive=
rostral). Significance level is employed al a height threshold of p=
0.001, by rclerence to unit normal distribution (2=3.09), and at a
threshold of corrected p<0.05.

Blood flow was lower in the basal forebrain, amygdaloid
complexes, anterior (Brodmann’s area 32, 24) and poste-
tier (Brodmann's area 23} cingulate gyri, and the left neo-
cortical regions, including the superior temporal gyrus
(Brodmann's area 38, 22), precentral gyrus (Brodmann's
area 44), superior frontal gyrus (prefrontal cortex) (Brod-
mann’s area 10), superior parietal gyrus (Brodmann's area
7). and insula {(Brodmann's area 13}, during non-REM
sleep when triazolam was given than when placebo was
given (Table 1 and Figure 1), There was no significant in-
crease in rCBF of any region during non-REM sleep under
triazolam administration in comparison to that under pla-
cebo administration,

Discussion

Using functional neuroanatomicai PET, we found that
the basal forebrain and the amygdaloid complexes of hu-
man subjects showed deactivation during non-REM sleep
after triazolam treatment. Wakefulness is known to be
maintained by multiple neuronal populations spread out
from the metencephalon to the diencephalon, the mesen-
cephalic reticular formation, posterior and posterolateral
hypothalamus, and basal forebrain cycle (10), Our data
show that triazolam has its main impact on the basal fore-
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FIGURE 1. Surface Projections and a Transverse Section of Brain Regions Showing Significantly Lower Levels of Blood Flow
in Nine Normal Volunteers During Non-REM Sleep After Triazolam Administration Than After Placebo Administration

Right Lateral

brain rather than on the other wake-promoting structures.
Therefore, the hyphotic effect of the benzodiazepines may
result mainly from inhibition of the forebrain control sys-
tem for wakefulness. This is supported by the finding in
otr previous study (8) that the basal forebrain is deacti-
vated during deep non-REM sleep in normal humans,
suggesting that deactivation of the basal forebrain is in-
volved in the non-REM sleep networks, Additionally, our
present finding that triazolam deactivated the amygdaleid
complexes, which are involved in emotional response, in-
cluding anxiety and fear, during non-REM sleep, suggests
that the anxiolylic effect of the benzodiazepines is also as-
sociated with their hypnotic effect.

Most benzodiazepines, including triazolam, induce par-
ticular changes in EEG activity and sleep stages. They de-
crease sleep latency and night awakenings, but, in terms
of sleep architecture, they reduce slow wave sleep and
REM sleep. Thus, the benzodiazepines have been mysteri-
ous agents with a paradoxical effect, and the mechanism
explaining this effect has remained unclear. The present
finding that triazolamn deactivates the basal forebrain may
account for the paradoxical effect. The basal forebrain is
structurally and functionally heterogeneous. Since the
basal forebrain contains the type of tonic neurons that are
active specifically in wakefulness and the type that are ac-
tive specifically in sleep (10), and since the latter type of
neurons are particularly related to the induction of slow
wave sleep (11), relatively diffuse deactivation of this re-
gion might facilitate initiation of sleep but inhibit slow
wave sleep.

750 htp://ajp.psychiatryonline.org

Left Lateral

Transverse

z Score

2~ 12mm

The left neocortical regions, including the superior tem-
poral gyrus, precentral gyrus, superior frontal gyrus (pre-
frontal cortex), and superior parietal gyrus, were deacti-
vated after triazolam administration. Asymmetric changes
in rCBF during the sedative state induced by midazolam, a
short-acting benzodiazepine, have been reported (12): mi-
dazolam was shown to decrease rCBF in the left prefrontal
cortex in a dose-dependent fashion. The deactivation of
the left neocortical regions by triazolam in the present
study is basically consistent with the finding of the midaz-
olam study, suggesting that left-hand cortical areas are
more sensitive to the modulation of benzodiazepines.
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